Objective: Biomodification of the root surface plays a major role in periodontal wound healing. Root surface modification with bone morphogenetic protein (BMP) stimulates bone and cementum-like tissue formation; however, severe ankylosis is simultaneously observed. Bio-safe collagen hydrogel scaffolds may therefore be useful for supplying periodontal ligament cells and preventing ankylosis. We examined the effects of BMP modification in conjunction with collagen hydrogel scaffold implantation on periodontal wound healing in dogs. Material and Methods: The collagen hydrogel scaffold was composed of type I collagen sponge and collagen hydrogel. One-wall infrabony defects (5 mm in depth, 3 mm in width) were surgically created in six beagle dogs. In the BMP/Col group, BMP-2 was applied to the root surface (loading dose; 1 g/ l), and the defects were filled with collagen hydrogel scaffold. In the BMP or Col group, BMP-2 coating or scaffold implantation was performed. Histometric parameters were evaluated at 4 weeks after surgery. Results: Single use of BMP stimulated formation of alveolar bone and ankylosis. In contrast, the BMP/Col group frequently enhanced reconstruction of periodontal attachment including cementum-like tissue, periodontal ligament and alveolar bone. The amount of new periodontal ligament in the BMP/Col group was significantly greater when compared to all other groups. In addition, ankylosis was rarely observed in the BMP/Col group. Conclusion: The combination method using root surface modification with BMP and collagen hydrogel scaffold implantation facilitated the reestablishment of periodontal attachment. BMP-related ankylosis was suppressed by implantation of collagen hydrogel.
INTRODUCTION
In periodontal regenerative therapy, stable periodontal attachment, including cementum and Sharpey's fibers, should be a guide for reforming the instrumented root surface. However, it is difficult to achieve these objectives due to rapid junctional epithelium downgrowth, which prevents the formation of periodontal attachment [1] . Even if epithelial tissue does not invade the root surface after healing, many cases show gingival tissue adaptation without periodontal attachment apparatus [2] . Therefore, compatibility between the root surface and regenerated periodontal tissue is required for a predictable regenerative procedure.
Bio-modification of the root dentin surface plays a major role in periodontal healing. Many investigators have confirmed that agents for dentin demineralization remove the surface smear layer, open dentin tubules and expose organic elements such as the collagen matrix, thus increasing total surface area [3, 4] . Various modifications provide a more biocompatible dentin surface; protein absorption, cell migration and attachment and fiber development [5] [6] [7] [8] . Furthermore, demineralized dentin is a suitable surface for retention of growth and differentiation factors [6, 7] . Bone morphogenetic proteins (BMPs), known to be biological differentiation factors, have the ability to transform pluripotent stem cells into osteoprogenitor cells [9] and to promote ectopic osteogenesis in the body [10, 11] . Zaman et al. reported that BMP-applied dentin stimulated the osteogenic activity of attached human periodontal ligament cells [12] . Miyaji et al. presented an in vivo study in which cementumlike tissue was directly formed on the BMP-applied dentin surface in gingival connective tissue [13, 14] . In addition, root surface modification with BMP markedly prevented epithelial downgrowth in experimental periodontal defects in dogs [15] . Therefore, root biomodification using BMPs increases bioactivity and should promote the re-establishment of stable periodontal attachment including cementum and alveolar bone.
However, Miyaji et al. also demonstrated that root surface modification with BMP frequently causes severe ankylosis and there is little evidence of periodontal ligament formation [16] . Ankylosis refers to aberrant healing following periodontal therapy, i.e., regenerated bone binds directly to the instrumented root surface. Ankylosis is frequently caused by highly effective medicines and/or biomaterials for bone tissue engineering [16] , and many investigators have demonstrated that reformation of the periodontal ligament synchronously reduces the occurrence of ankylosis [16, 17] . BMPs show high proliferative activity on osteoblasts, but low activity on human periodontal ligament cells [12] . In addition, BMP-2 exhibits up-regulation of alkaline phosphatase activity and mineralization of periodontal ligament cells [18] . Therefore, released BMPs from the root surface may trigger severe ankylosis. Accordingly, a cell source for periodontal ligaments is required to prevent ankylosis in the root biomodification procedure using BMPs.
Recently, tissue engineering approaches have been introduced and expected for clinical applications. Histologic evaluation of periodontal supporting structures was performed following the application of periodontal cell sheets [19] and stem cells [20] . These methods are very predictable, but very complex and expensive. On the other hand, the scaffold is able to provide an optimal environment for cell migration and proliferation into regenerative spaces [21] . Hydrated polymers, such as hydrogel, are an effective scaffold material consisting of synthetic and/or natural copolymers [22] . Previous reports have revealed that activity of periodontal ligament cells is stimulated by Type I collagen application [23] . Therefore, collagen hydrogel scaffolds may be useful for supplying periodontal ligament cells. It is an inexpensive material, in contrast to cell transplantation, and may therefore be widely used for clinical trials. In vitro and in vivo studies have demonstrated ingrowth of fibroblasts, including periodontal ligament cells and vascular endothelial cells into hydrated collagen gels [24, 25] . In addition, biosafety profiles for collagen hydrogel scaffolds have been reported; they exhibit high degradability, no toxicity and no chronic inflammatory response [26, 27] . In dog periodontal healing, applied collagen hydrogel enhanced the growth of cell-rich connective tissue continuous with the pre-existing periodontal ligament along with the root surface [26] . The collagen hydrogel scaffold also enhanced the formation of new cementum and periodontal ligament, as well as alveolar bone; however, ankylosis was not detected [27, 28] . Collagen hydrogel scaffolds may selectively induce proliferation of periodontal ligament cells for regenerating the attachment apparatus. Thus, we hypothesized that collagen hydrogels provide numerous periodontal ligament cells around the instrumented root, form stable periodontal attachments and inhibit the ankylosis associated with BMP application. In large periodontal defects, however, a combined design for periodontal healing has not yet been investigated. Accordingly, the aim of this study was to histologically evaluate whether a combination method using root surface modification with BMP-2 and collagen hydrogel scaffold facilitates periodontal wound healing in one-wall infrabony defects in beagle dogs.
MATERIALS AND METHODS

Preparation and Morphological Analysis of Collagen Hydrogel/Sponge Scaffold
Collagen hydrogel was prepared from atelocollagen derived from calf skin dermis (Koken, Tokyo, Japan). Atelocollagen solution was stirred with 1 M HCl and stored at 10°C for 3 days. Subsequently, 1 mM L(+)-ascorbic acid and 0.1 mM CuCl 2 were added to this solution, which was then adjusted to a final concentration of 1.5% to prepare collagen hydrogel (Fig. 1A) .
Collagen sponge was provided by Olympus Terumo Biomaterials (Tokyo, Japan). Collagen sponge was prepared as follows. Atelocollagen in a dilute HCl solution was neutralized by adding concentrated phosphate buffer in NaCl to a final concentration of 0.1% collagen, 30 mM Na 2 HPO 4 and 0.1 M NaCl. This collagen solution was incubated at 37°C for 4 hours. The resulting fibrous precipitate was referred to as fibrillar collagen (FC). Heat-denatured collagen (HAC) was prepared from atelocollagen in a dilute HCl solution by heating at 60°C for 30 minutes. A composite of FC and HAC was prepared by mixing the two at a ratio of 9:1 (w/w), respectively. This composite material was adjusted to a final concentration of 4% and made into the form of a sponge by lyophilization at -30°C. This sponge was dehydrothermally cross-linked at 110°C for 2 hours and used as a collagen sponge. In this study, 36 pieces of collagen sponge (5 3 3 mm) were used (Fig. 1B) .
Consequently, collagen hydrogel (100 l) was injected into the collagen sponge block under vacuum (Fig. 1C) . For morphological analysis, collagen hydrogel scaffold was fixed in 10% buffered formalin and embedded in paraffin. Sections (6 μm) were prepared, stained with hematoxylin and eosin (HE) and examined by light microscopy. 
BMP-2 Construct
Recombinant human BMP-2 (98% purity) donated by Astellas Pharma (Tokyo, Japan) was used in this study. BMP-2 was diluted with phosphate-buffered saline (PBS; 5 mM, pH 7.2) to produce stock solutions of 1.0 g/ l.
Animals
Six healthy female beagle dogs (age, 12-16 months; weight, approximately 10 kg), were used in this experiment. Experimental protocols conformed to the institutional animal care and use regulations of Hokkaido University (Animal Research Committee of Hokkaido University, Approval No. 08-0255). Surgical procedures were performed under general anesthesia with medetomidine hydrochloride (0.1 ml/kg; Domitor, Nippon Zenyaku Kogyo, Koriyama, Japan) and butorphanol tartrate (0.1 ml/kg, Vetorphale, Meiji Seika, Tokyo, Japan), and under local anesthesia with lidocaine hydrochloride (2% with 1:80,000 epinephrine; Xylocaine, Dentsply-Sankin, Tokyo, Japan).
Surgical Procedure
Mandibular first and third premolars were extracted before experimental surgery, and extraction sites were allowed to heal for 8 weeks. Following reflection of the buccal and lingual muco-gingival flaps with partial thickness, periosteum was removed from alveolar bone. Thirty-six onewall infrabony defects (depth: 5 mm; width: 3 mm) were surgically created in the mesial and distal aspects of the mandibular second premolars, and the mesial aspect of the mandibular fourth premolars ( Fig. 2A) . The root surface facing the defect was planed to remove cementum. Reference notches indicating the cemento-enamel junction and bottom of the defect were prepared on root surfaces. The denuded root surface was demineralized with 24% EDTA (pH 7.0) for 3 minutes and washed with saline. Subsequently, defects were randomly assigned to four groups. In the BMP/Col group, 25 μl of recombinant human BMP-2 solution (loading dose; 1 g/ l) was applied to the root surface (Fig. 2B) , and the defect was filled with collagen hydrogel scaffold (Fig. 2C ). In the BMP or Col group, BMP-2 coating was performed or the defect was filled with collagen hydrogel scaffold. In the control, neither conditioning nor implantation was performed. The flap was repositioned and securely sutured (Surgilon; Tyco Healthcare Japan, Tokyo, Japan; Fig. 2D ). Animals received ampicillin sodium (300 mg/kg; Viccillin, Meiji Seika, Tokyo, Japan) daily for 3 days, and a plaque control regimen with 0.5% chlorhexidine twice weekly for the entire duration of the experiment. 
Histological Procedure
Animals were euthanized using an overdose of sodium pentobarbital (0.5 ml/kg, Somnopentyl, Kyoritsu, Tokyo, Japan) following general anesthesia with medetomidine hydrochloride and butorphanol tartrate. Specimens were collected from the wound at 4 weeks post-surgery. Tissue blocks, including teeth, bone and soft tissue, were fixed in 10% buffered formalin, decalcified in 10% formic-citric acid, and embedded along the mesial-distal plane in paraffin wax. Sections (6 μm thick) were serially prepared and stained with hematoxylin-eosin (HE) and Masson's trichrome.
Histomorphometric Analysis
Three stained sections were taken; one was approximately from the center of the root, and the other two were 180 m from either side of the center. The following nine histomorphometric measurements (Fig. 3) were performed for each section using a software package (Image J 1.41; National Institutes of Health, Bethesda, MD):
1. Defect height: distance between the apical notch and the cemento-enamel junction.
2. Defect width: length of the bottom of the osseous defect.
3. New cementum: distance between the apical notch and the coronal extension of the newly formed cementumlike tissue on the root surface.
4. New periodontal ligament: length of functional fibrous tissue between the newly formed cementum-like tissue and alveolar bone.
5. New bone height: distance between apical notch and coronal extension of newly formed alveolar bone along the root surface.
6. New bone area: newly formed alveolar bone in defect area.
7. Ankylosis: length of ankylotic union of newly formed alveolar bone and root surface.
8. Gingival connective tissue: distance between apical extension of junctional epithelium and coronal extension of alveolar bone or cementum.
9. Junctional epithelium: distance between cemento-enamel junction and apical extension of junctional epithelium.
10. Gingival recession: distance between cemento-enamel junction and gingival margin.
We also counted the frequency of ankylosis, epithelium downgrowth and gingival recession in each group.
Statistical Analysis
The means and standard deviations of each parameter were calculated for four groups. Differences between the groups were analyzed using Scheffé test. P-values < 0.05 were considered to be statistically significant. All statistical procedures were performed using a software package (DR.SPSS 11.0; SPSS Japan, Tokyo, Japan).
RESULTS
Morphology of Collagen Hydrogel Scaffold
On microscopy, collagen hydrogel was present as an amorphous structure and had fully penetrated into the collagen sponge (Fig. 1D) . 
Histological Observations
Due to pulp tissue exposure during the creation of bone defects in the surgical procedure, two specimens were excluded from this study. Otherwise, postoperative healing was uneventful in all dogs.
BMP Group
BMP application enhanced periodontal tissue reconstruction (Fig. 4A) . New cementum-like tissue was frequently formed on the BMP-applied root surface. Cementum-like tissue was relatively thick with a layered structure, i.e., cement line, including cementocyte-like cells, showing the appearance of cellular intrinsic-fiber cementum (Fig. 4B) . Cementum-like tissue was covered with cementoblastic cells; however, Sharpey's fibers associated with periodontal ligament formation were not observed. In addition, cells and extracellular matrix were poorly distributed in the interface between new alveolar bone and cementum-like tissue. Masson's staining clearly indicated the lack of fibrous tissue along the root surface (Fig. 4C) . Although alveolar bone formation occurred parallel to the root surface, we frequently observed ankylotic union (Fig. 4D) . Newly formed woven bone morphologically included osteoblasts, osteocytes and bone marrow related to native bone. Epithelial downgrowth was suppressed in the coronal portion of the root surface. BMP group specimens did not receive regenerative scaffold application, but severe gingival recession was not observed.
Col Group
Following collagen hydrogel application, periodontal healing was observed; however, there were some differences between the Col and BMP groups (Fig. 5A) . We frequently detected acellular cementum-like tissue continuous with the original cementum on the instrumented root surface (Fig. 5C) . In contrast to the BMP group, cementum-like tissue appeared as a thin layer and with an unclear cement line. Periodontal ligaments were reformed and well-stained as the collagen-rich layer (Fig. 5D) . Sharpey's fibers inserting into both the new cementum-like tissue and alveolar bone were observed, indicating that functionally oriented periodontal ligament tissue was reestablished. Ankylosis was rarely observed when compared to the BMP group. In the coronal portion, gingival connective tissue attached to the root surface. Some residual collagen hydrogel scaffold was observed around the new alveolar bone, fractionated by newly formed connective tissue (Fig. 5B) . As a result, fibroblastic and osteoblastic cells had proliferated on the inner side of the collagen hydrogel material. Few inflammatory cells were also seen around the residual collagen scaffold. Gingival recession was mild, similar to that of the BMP group. 
BMP/Col Group
We found that root surface modification with BMP in combination with collagen hydrogel scaffold implantation facilitated periodontal wound healing (Fig. 6A) . Considerable new alveolar bone occupied the periodontal defect space. New bone was composed of narrow trabeculae including osteoblasts and osteocytes. Thick, cellular cementumlike tissue was frequently evident on the BMP-applied root surface, even in the coronal portion (Fig. 6B) . Cementumlike tissue was lined with cementoblastic cells and showed Sharpey's fiber insertion. Despite BMP loading, fiber-rich periodontal ligaments were reestablished, in contrast to specimens in the BMP group (Fig. 6C and D) . Although marked alveolar bone formation was observed along the BMP-modified root surface, ankylosis was reduced when compared with the BMP group. Residual collagen hydrogel scaffolds were rarely seen in the defect, suggesting that the scaffold exhibited high degradability. Regulation of epithelial downgrowth and gingival recession was favorable.
Control Group
Bioactivity for reconstruction of periodontal attachment was not stimulated in control specimens. Newly formed connective tissues composed of infiltrating fibroblastic cells and blood vessels filled the defect in most areas (Fig. 7A) . Formation of alveolar bone, cementum and periodontal ligament were limited only in the apical portion of the defect (Fig.  7B) . No ankylosis or root resorption was observed. In the coronal portion, there was no evidence of cementum or periodontal ligament formation, and gingival tissue adhesion was seen. Epithelial downgrowth and gingival recession were frequently observed (Fig. 7C) .
Histomorphometric Analysis
The degree of periodontal healing in one-wall infrabony defects is presented in Table 1 . There were no significant differences among mean defect height and width in each group. Combination therapy using BMP and collagen hydrogel scaffold facilitated periodontal healing, as compared to the use of each alone. In specimens in the BMP/Col group, cementum-like tissue and periodontal ligaments associated with stable periodontal attachment showed significant reconstruction when compared to the control and BMP groups. In the Col group, periodontal attachment was stimulated; however, its levels in the BMP/Col group were approximately 1.5-fold greater than in the Col group. In the BMP group, significantly more cementum-like tissue was observed when compared to the control group, but periodontal ligament formation was not accelerated.
Bone conducting parameters showed that BMP and collagen hydrogel application greatly promoted formation of alveolar bone. The bone forming effects in the BMP/Col group were the most active of all groups. We also found greater new bone height and area in the BMP and Col groups as compared to controls; however, the BMP group frequently showed ankylosis. The frequency of abnormal healing, including ankylosis, epithelial downgrowth and gingival recession, is shown in Table 2 . Ankylosis was evident in six defect sites in the BMP group, suggesting that periodontal healing was unpredictable in BMP coating therapy. Specimens receiving collagen hydrogel scaffold demonstrated a little bone adhesion, regardless of root surface modification by BMP. Accordingly, hydrated collagen application clearly suppressed BMP-related ankylosis. There were no significant differences in junctional epithelium and gingival recession among the groups. However, the BMP-treated group tended to show decreased epithelial downgrowth. In addition, experimental groups showed a low frequency of gingival recession.
DISCUSSION
The present study focused on the effects of BMPbiomodification in conjunction with collagen hydrogel scaffold implantation for developing periodontal attachment. We demonstrated that use of BMP modification led to ankylosis. Currently, BMP therapy is performed in combination with the application of various biological scaffolds [29, 30] . A scaffold loaded with BMP directly filled the periodontal osseous defect [31, 32] , allowing osteoconductive cells to accumulate on the root surface. BMP osteogenic properties, such as osteoblast differentiation, proliferation and migration, have been studied extensively [9, 10] . Furthermore, BMPs suppressed proliferative activity of human periodontal ligament cells [12] . Sigurdsson et al. assessed periodontal healing after implantation of several BMP-loaded scaffolds, e.g., bone matrix, collagen sponge, poly(lactic-co-glycolic acid) and poly lactic acid. They found that induction of ankylosis applied to all scaffold cases [33] . Therefore, the manner of BMP application in periodontal disease should aim to improve BMP-related ankylosis.
We assumed that the key to regulation of ankylosis and predictable periodontal attachment is localizing BMP and its cell source in the defect. Several studies have designed methods for BMP localization, i.e., instrumented root surfaces are fully covered with biomaterials having no BMP and defects are filled with BMP-loaded materials, in an effort to separate BMP effects from the root and to prevent populating of osteoblastic cells around the root surface [17] . In contrast, this examination applied BMP to the root surface and not to the periodontal defect in anticipation of the proliferation of periodontal ligament cells throughout the defect. Subsequently, proliferating periodontal cells should be attached to the BMP-modified root surface and then form hard tissues on the root. The results of this study showed that periodontal ligaments with cementum-like tissue are favorably re-established on BMP-applied root surfaces and that ankylosis is rarely observed. According to these results, we believe that BMP modification with a sufficient population of periodontal cells specifically inhibited the occurrence of ankylosis.
In the group receiving collagen hydrogel scaffold, formation of periodontal ligaments was frequently observed, regardless of BMP application. Periodontal fibroblastic cells grow well in hydrated collagen gel [34] . Kosen et al. reported that periodontal ligament, including Sharpey's fibers, was formed on the instrumented root following collagen hydrogel application to the furcation defect [27] . Therefore, collagen hydrogel is an essential factor for supplying periodontal ligament cells for periodontal regeneration. Furthermore, most of the implanted collagen scaffold in our experiment disappeared at 4 weeks, and inflammatory cells and root resorption were rarely observed; therefore, the scaffold has good biocompatibility. Collagen hydrogel is thus useful for facilitating proliferation of periodontal attachment cells. We found that cementum-like tissue was significantly formed in the group receiving both BMP and hydrated collagen scaffold. It has been reported that implantation of BMP-2 increased cementogenesis for periodontal attachment apparatus, as well as alveolar bone [16] . It is likely that cells derived from periodontal ligament attached to the BMPmodified root surface, and cementum formation was stimulated. We also speculate that BMP modification up-regulates the properties of periodontal ligament cells, such as synchronous regeneration of cementum and alveolar bone [27, 35] There were some differences in the structure of cementumlike tissue formed on the root surface between the BMP and hydrated collagen groups. Cementum-like tissue in the BMP group appeared to be thick and cellular, in contrast to that in the Col group. Miyaji et al. reported that cellular cementumlike tissue with no insertion of Sharpey's fibers, similar to a thin layer of bone tissue, was formed on BMP-applied dentin into or facing gingival connective tissue [15, 16] . With regard to periodontal attachment and cementum-like tissue induced by BMP, it is necessary to clarify its long-term stability and functionality.
BMP release is an important issue in periodontal healing. In specimens receiving collagen hydrogel implants, BMP application promoted the restoration of alveolar bone loss, thus suggesting that the hydrated scaffold was gradually decorated with released BMP. We believe that collagen hydrogels can facilitate the capture and release of BMP. Hydrated materials possess water absorption properties similar to extracellular matrix; collagen hydrogel is able to retain water in the range of 20-to 200-fold vs. dry weight [22, 25] . A water-absorbable material is beneficial in the healing of tissue, as the regenerative space is able to retain supplementary tissue interstitial fluid containing several growth and nutritional factors that promote angiogenesis and tissue healing.
The other point to be considered is the relationship between periodontal healing and epithelial downgrowth. Periodontal regeneration is theoretically prevented by rapid epithelial cell downgrowth along the root surface in early healing stages. Therefore, clinical trials using barrier membrane (guided tissue regeneration therapy) have been performed after periodontal surgery [36, 37] . BMP application tended to suppress epithelial downgrowth in this study. Miyaji et al. also demonstrated that epithelial downgrowth is significantly prevented by root surface conditioning with BMP in dehiscence defects in dogs [16] . Some investigators demonstrated that BMP action on epidermal keratinocytes is similar to the effects of activin, which inhibits keratinocyte proliferation [38, 39] . Accordingly, BMP modification would be helpful for preventing the invasion of epithelium and promoting the proliferation of the periodontal cells. However, we used a no-infection model for periodontal examination; therefore, periodontal defects were likely to receive rich cells from healthy tissue, such as periodontal attachment and alveolar bone. In clinical settings, periodontal healing is confronted by dental plaque and inflammation. Further studies are thus necessary to elucidate the effects of infection on periodontal healing associated with BMP application.
CONCLUSION
We established a combination method using root surface modification with BMP and collagen hydrogel scaffold implantation to rebuild periodontal attachment. Single use of BMP produces severe ankylosis and limited reconstruction of the periodontal ligament. BMP application together with hydrated collagen scaffold provided new periodontal attachment including cementum-like tissue, periodontal ligament and alveolar bone. Our study also confirmed that BMPrelated ankylosis disappears with implantation of the collagen hydrogel. The combination method presented in this study will be useful for guiding predictable periodontal healing in advanced periodontitis.
